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SUMMARY

A survey of energy-absorption methods that could be used for pro-

viding soft landings to space vehicles on lunar or planetary surfaces

indicated that several methods might be satisfactory. No single method

was superior for all landing applications. The choice of the soft-

landing device will depend upon the overall design and application of

the vehicle. Among the devices considered to be highest in the overall

ratings were (i) material deformation, (2) gas bags and gas-filled col-

lapsible shells, and (3) retrorockets. The most effective type system

(energy absorption per pound) that was considered combined frictional

heating with material deformation. The amount of research that has been

conducted on this type system is limited and merits more attention. Rec-

ommendations are also made on other areas that require further research.

INTRODUCTION

In recent years a considerable amount of research has been con-

ducted on methods of absorbing the impact energy of descending vehicles.

Most of these studies have dwelt on the aspects of a particular device

and have not surveyed the entire field to evaluate the relative merits

of various types of devices. This report will consider most of the

major types of energy absorption systems_ and an effort will be made to

determine the types of systems on which it would be most profitable to

concentrate future effort.

Various types of systems for absorbing impact loads have been in

use for a considerable period of time. Examples include the springs

and the shock absorbers on automobiles and the landing gear on airplanes.

For a space vehicle the problem is somewhat different. Since weight is

a problem, more efficient energy-absorbing systems are desirable. Often

iBased on the paper "Problems of Landing" presented at the American

Rocket Society Space Flight Report to the Nation, New York, N. Y._

October 9-15_ 19GI.



the sinking speed will be higher than that of conventional aircraft;
therefore, a more effective system must be utilized. On the other hand,
there is probably no necessity for making the system reusable_ systems
can therefore be utilized that will be destroyed by the impact.

Energy-absorption devices that have been considered utilize one or
a combination of several of the following five energy-absorption methods:

(i) Deformation of material or structure

(2) Compression of a gas

(3) Acceleration of a fluid or other mass

(4) Friction

(5) Chemical energy

This report will evaluate various types of systems that have been con-
sidered, give someindication of their limitations in energy absorption
and impact characteristics, makean overall comparison of the systems,
and indicate promising avenues of research on the more efficient systems.

VEHICLEDESCENTMECHANISMS

Whena space vehicle approaches a planet or a moonfor a landing,
its velocity must be reduced in order to makepossible a descent that
leads to a survivable landing. This velocity reduction can be accom-
plished by retrothrust or, in the case of reentry and landing on a
planet, by atmospheric drag. After completion of the reentry maneuver,
the vehicle still normally possesses a large amount of potential and
kinetic energy that must be dissipated before a soft landing is possible.
Several methods of reducing this energy during descent are illustrated
in figure 1. For descent where there is an atmosphere, the methods in-
clude a parachute, such as that used for the Mercury vehicle, and lift-
ing devices, which include the parawing, autorotation, and lifting
vehicles. If there is no atmosphere for providing drag forces, this
energy mnst be dissipated by a retrothrust device, such as the chemical
rocket illustrated in figure 1.

There is a large body of literature on these various descent systems
that will neither be discussed nor referenced herein, since the scope of
this report will be limited to the energy-absorption systems for use at
the final phase of the entire landing maneuver - the impact on the land-
ing surface. Figure 1 was provided merely to indicate that a numberof
systems are possible for use in descent and energy dissipation after
reentry.

!

03



3

SOFT-LANDING-SYSTEM CONSIDERATIONS

Energy-AbsorptionMethods

At or very near the point of impact, other types of energy-

absorption systems than those illustrated in figure 1 will usually be

employed in order to dissipate the remaining kinetic and potential en-

ergy and to provide a landing that is within the deceleration and

deceleration-onset rate limitations for the structure and its contents.

Deceleration-onset rate (also called "jerk" in some references) is de-

fined as the time rate of change of deceleration.

Various energy-absorption devices that have been considered for

soft landings are shown in figure 2. One general method that has been

considered for many applications utilizes material and structure defor-

mation. In references i to 18 a number of variations of this method are

evaluated and a number of materials are studied to determine their ab-

sorption capabilities. In additionj reference 19 presents a bibliog-

raphy of impact-absorption studies that were conducted prior to 1957.

The method utilizing material and structural deformation has the

advantage of being simple and does not require complex actuating devices.

By proper design, systems of this type can be used to control both ver-

tical and horizontal deceleration forces (ref. 4).

Gas compression (also illustrated in fig. 2) is a method of decel-

erating descending vehicles that provides considerable latitude in de-

celeration and deceleration-onset rate. It has been used in a number

of devices, including aerial delivery of supplies for the military, re-

covery of radio-controlled target planes, and impact attenuation of the

Project Mercury capsule. Analytical and experimental investigations of

gas bags for soft landings are reported in references 20 to 30.

Also shown in figure 2 are devices for absorbing energy by mass

acceleration. Devices of this type are considered in references 31 to

54. The most promising method appears to be the use of contoured sur-

faces for water landings. With the proper contour, deceleration rates

can be controlled relativelywell. The spike impacting into soft earth

or sand has also been used for energy absorption. In addition to the

mass acceleration of the displaced earth, friction is used in this de-

celerating device.

Friction can be used in several ways for absorbing energy. These

include skidding (refs. 35 to 37), which has been accomplished with air-

planes for many years, and also the aerial snatch (ref. 1S), which has

been utilized quite successfully for the recovery of Discoverer capsules.

In this case, a brake is utilized for absorbing the energy of the cap-

tured vehicle. Other devices using friction will be discussed later.
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Another system, not illustrated in figure 2, that bears someresem-
blance to the aerial snatch is the drag line. If the landing location
can be controlled closely enough, the vehicle can engage the drag line
and be decelerated. There are several variations to this approach, one
of which is the system utilized for aircraft landings on carriers. An-
other approach is one in which the vehicle engages a line suspendedbe-
tween two drag balloons and uses the added aerodynamic drag of the bal-
loons as a decelerating force. A drag chute will also serve in a simi-
lar manner.

Chemical energy is usable for absorbing the energy of descending
vehicles, usually in the form of retrorockets. This energy absorption
device has the advantage that it can be applied over muchgreater dis-
tances than most other devices considered, and in so doing, the decel-
eration rates can be kept at arbitrarily low values.

!

CO

Energy-Absorption Limits

A comparison of the energies that can be absorbed by various types

of materials and systems is illustrated in figure 3. This bar graph

illustrates the energy absorbed per unit weight of the device. This

type of comparison gives an indication of the weight efficiency of var-

ious energy absorption systems, although these values are usually the

upper limits. The overall energy absorption system will usually contain

components that add weight but not energy absorption capacity. As a

result the overall system cannot generally be expected to be as effec-

tive as the ones indicated in figure 3.

The energy absorption can vary from less than 1000 to about 30,000

foot-pounds per pound. Even higher energy absorption appears feasible,

but it has not as yet been demonstrated experimentally. For gas bags,

most of the weight of the device is in the bag. The contained gas usu-

ally accounts for only a small proportion of the total weight. The en-

ergy that can be absorbed per pound of device is a function of the

strength-density ratio of the bag. The energy that can be absorbed for

fabric bags may vary from lO00 to 8000 foot-pounds per pound and depends

upon fabric strength and the pressure control within the gas bag. With

metal fabrics or collapsible metal containers_ the bag strength could be

greatly increased so that from approximately 8000 to ll,400 foot-pounds

of energy could be absorbed for each pound of gas bag.

Energy can be absorbed by metals by plastic deformation. The bar

showing the ideal energy absorption for metals is based on uniaxial ten-

sile straining of ductile metal alloys until fracture. It therefore

seems unlikely that metals would be capable of absorbing more strain en-

ergy than about 8000 foot-pounds per pound unless some complex biaxial

or triaxial stress system is utilized. For comparison purposes, the
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energy-absorption capacity for metal honeycomb is also shown. In addi-

tion to strain energy, the honeycomb can also absorb energy by compres-

sion of trapped gas. Stress-strain curves in reference i0 indicate that

the energy absorption for steel and aluminum honeycombs varies from about

2000 to 5000 foot-pounds per pound. References 16 and 5 give values of

8900 and ii,000 foot-pounds per pound, respectively, for an aluminum

honeycomb. These latter values, which exceed the ideal case for alumi-

num in tension, apparently result from the added effect of compression

of trapped gas. Unless the honeycomb could be made pressure tight_ these

high values could not be expected to result in landings where there was

no atmosphere, such as on the moon. An indication that trapped gas is

causing the higher values is illustrated in reference 5, which shows an

energy absorption of ll,000 foot-pounds per pound for dynamic tests where

the trapped gas could not readily escape during compression and a value

of about 8000 foot-pounds per pound for quasi-static tests of the honey-

comb.

Paper honeycomb has also been considered for energy absorption

(refs. 6, Ii, and 13). The energy absorption of various paper honey-

combs may vary from about 700 to 2300 foot-pounds per pound of material

for a 70-percent length reduction of the material (ref. ll). Slightly

higher energies can be absorbed with increased deformation. In general_

the dynamic energy absorption is higher than the quasi-static energy

absorption, probably because of compression of trapped gas in the "dynamic

case.

All types of honeycomb have directional energy-absorption proper-

ties. Values quoted in the literature are usually maximum values. Non-

design landings, resulting in nonvertical descent, may result in inade-

quate energy absorption. Addition of foil sheets to the edges of honey-

comb and segmentation to provide a composite structure with various ori-

entations of the segments can control directional effects (ref. 4).

References A_ 5, 9_ i0, 12_ and 17 give information on the use of

foam-type plastics for the absorption of energy. According to the

stress-strain curves given in these references, the energy-absorption

capabilities of the plastics vary substantially. Styrofoam appears to

be one of the better energy absorbers with capacities up to about 4000

foot-pounds per pound. Reference 17, however, reports results on spe-

cial foamed-in-place plastics of the modified castor-oil polyurethane

systems, in which energies of up to 4500 foot-pounds per pound were

absorbed. Other foamed plastics range downward to values of less than

i000 foot-pounds per pound. One difficulty in the use of plastics is

the low shear strength that results in breakup of the plastic at impact

if it is not properly contained. When this breakup occurs, energy-

absorption capacity is lost because of the lack of deformation of the

broken-off pieces. Another possible difficulty results from radiation

and hard vacuum effects in space, which may result in degradation in



the structure strength of foamed plastics. In addition_ the loss of the
contained gas would undoubtedly greatly reduce the effectiveness of
foamed plastics for landings in the absence of an atmosphere.

Balsa wood appears to have more energy-absorption capacity than any
of the other crushable materials considered. Its energy-absorption ca-
pacity is a function of the orientation of the wood grain and can vary
from about 9000 to 24,000 foot-pounds per pound (refs. i, 4, and 5).
The higher energy absorptions result whenthe deformation load is applied
in the end-grain direction. Splitting often occurs with a consequent
reduction in absorption capacity. This effect can be reduced by con-
taining the balsa woodwithin a cylindrical container or by wrapping it
with a high-strength material such as Fiberglas. Also, the energy-
absorption capacity under dynamic conditions is higher than under static
conditions.

Based on present knowledge_ friction probably has the greatest po-
tential of any method of energy absorption. By frictional heating of
aluminum_approximately 15,000 foot-pounds per pound of energy can be
absorbed for every i00 ° F that the aluminum is heated. The aluminum
could feasibly be heated at least 200° F by frictional methods so that
energy absorption of 30,000 foot-pounds per pound or higher is possible.
This .amountof energy absorption has been demonstrated and will be dis-
cussed later. This type of energy absorption is probably the most un-
exploited of any that have been considered up to the present time. An
example of its potential can be illustrated by use of a wire-drawing
process on steel, which results in straining and work hardening of the
steel, while at the sametime heat is generated in the wire and the die.
If the reduction during the drawing is enough to result in a wire ten-
sion stress of 200,000 pounds per square inch, the resulting energy ab-
sorption, mostly by frictional heating_ is approximately 59,000 foot-
pounds per pound for the drawn steel if the weight of the die or other
associated apparatus is neglected. The wire would be heated about
700° F in the process.

The last method of energy absorption shown in figure 3 is that of
the retrorocket. For this case, the absorption capacity is a function
of the vehicle velocity just prior to deceleration. The higher this
velocity is, the more efficient a retrorocket becomes. The values il-
lustrated in the figure are for a solid propellant having a specific
impulse of 250 seconds. A reasonable allowance was made for the case
and nozzle weights of the rocket. In order to determine the energy-
absorption capacity for the propellant alone, the values in the figure
should be doubled. At velocities of 80 to i00 feet per second_ retro-
rockets are competitive with other absorption devices_ except for balsa-
wood and frictional devices.
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Considerations Other Than Energy Absorption

In addition to the energy-absorption capacities discussed in the

previous section 3 there are a number of other considerations in a soft-

landing system that the designer must study and incorporate in the

system.

Maximum permissible deceleration. - The permissible decelerations

for a vehicle are dependent upon many factors, such as whether the ve-

hicle is manned, the vehicle structural strength, or instrumentation

limitations. For manned vehicles, decelerations certainly should be

kept below 35 g's as described in reference 38. In addition, there is

some concern that after a man has been weightless for an extended period

of time, the tolerance to g-loads is greatly reduced. It is therefore

probable that for manned vehicles, the maximum g-load should be of the

order of 4 to 8 g's. For unmanned vehicles, a much wider range of decel-

erations is possible. The limitations will usually be set by contained

instrumentation or strength considerations of the structure. The accept-

able decelerations may range from a value even less than that acceptable

to man to values exceeding lO00 g's.

Maximum deceleration-onset rate. - Deceleration-onset rate is a

less familiar limitation to most people than deceleration is. Fewer

data are available concerning limitations for man or equipment. Refer-

ence 38 states, however, that men and chimpanzees have withstood about

1200 gZs per second with no debilitating results. At 33S0 g's per sec-

ond, chimpanzees have suffered cardiovascular shock. It seems reason-

able, therefore, that _mn should not be subjected to much more than

1500 g's per second. The permissible value for instruments may cover a

much greater range; reference 1S, for example, indicates that for an

inertial guidance unit, the deceleration-onset rate should be no more

than 300 g's per second. Undoubtedly much higher values are permissible

for other types of instruments.

Weight and reliability. - In general, very little explanation is

required concerning the weight and reliability of energy-absorption

systems. Since weight is always at a premium for space vehicles, the

most consideration should be given to systems that have high energy-

absorption capacities per pound of device. Reliability is enhanced for

systems that do not require complex or precisely timed operating proce-

dures.

Stability considerations. - Many types of devices can operate sat-

isfactorilyunder ideal design conditions. In actual application, how-

ever, the problems of nonvertical descent, descent at too high a veloc-

ity, or nondesign attitudes at impact may cause problems. In addition,

rebound and toppling may also be problems. The minimum deceleration

that can be obtained for a given impact velocity is a function of the
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distance over which the deceleration takes place. For most mechanical
or gas compression systems, this distance is limited because of the
practical length of the system. If the length is too great, the system
may topple easily or it maybuckle in a manner not considered in the
design. All these conditions must be considered in the vehicle design.

Landing surface and atmosphere. - The soft-landing system can be

greatly affected by the atmosphere and the surface conditions. For ex-

ample, if the landing would assuredly take place on a prepared surface or

in water, the design requirements would be much less stringent than if

there were a possibility of landing on rough or forested surfaces. The

availability of an atmosphere can also affect the landing device. Gas

bags could be filled with the available atmosphere for a planetary land-

ing. For a lunar landing, however, it would be necessary to carry pres-
surized gas.

Soft-landin_ limitations. - Figure 4 shows the interaction of de-

celeration distance and initial velocity for a range of values of decel-

eration. Within the figure are shaded areas showing limitations of

various types of systems. In general, for systems that depend upon

internal energy absorption, such as deformation of materials or compres-

sion of gases, the deceleration must be accomplished in a distance of

the order of 5 or 6 feet. For greater distances, stability considera-

tions become a problem because of the probability of toppling of the

vehicle or of buckling of the energy-absorption device as previously

mentioned. For the decelerations that are permissible for a manned ve-

hicle, velocities prior to impact must be kept below approximately 90

feet per second. Preferably, the velocities would bemuch lower, prob-
ably less than 40 feet per second. The reduction of deceleration rates

for high velocities just prior to impact necessitates the use of a

retrorocket system, where there is no limitation on deceleration dis-

tance. With decelerations as high as 1000 g's, velocities prior to im-

pact as high as about G00 feet per second are possible (fig. 4). A

series of studies of inflated spheres for lunar landings with velocities

of this magnitude has been considered in references 24 to 27.

The deceleration distances shown in figure 4 are the minimum at-

tainable distances_ this deceleration is accomplished in a manner il-

lustrated in figure 5. The deceleration builds up to the maximum per-

missible at a constant onset rate, which is limited by the structure or

payload in the vehicle. When the maximum deceleration is obtained, it

is held constant until almost zero velocity is reached. At this point,

the deceleration is reduced at a constant permissible offset rate until

the velocity becomes zero. An ideal deceleration device would strive

toward the deceleration pattern shown in figure 5.

The onset and offset rates considered in figure 4 were 1200 g's per

second for the curves of 2 to 30 earth g's, since this range was thought

!
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to be reasonable for manned vehicles. Infinite onset and offset rates

were considered for the curves for i00 to i000 gTs. In actual practice,

such h&gh values are not practical, but there is little evidence at this

time as to what values are reasonable for payloads capable of withstand-

ing such high decelerations.
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MATERIAL-DEFORMATION SYSTEMS

An illustration of deceleration patterns obtainable for various ma-

terial deformations is shown in figure 6. The strokes illustrated are

relative to the ideal case previously discussed. The deceleration is

relative to the maximum obtained during the stroke. Three materials are

shown, truss grid, balsa wood, and Styrofoam. These are typical of some

of the better materials. Truss grid is a metal honeycomb, which was

found to have superior qualities (ref. A). All these materials, in gen,

eral, have an onset rate that is _rohibitively high compared with that

shown in figure 5. Truss grid and balsa wood malntain a relatively con-

stant deceleration over most of the stroke, a very desirable feature.

Styrofoam, on the other hand, has a steady deceleration buildup until a

maximum is reached. This type of deceleration pattern results in a

large required stroke. Styrofoam also suffers from the disadvantage of

having springback, which results in overshoot on the stroke and then re-

bound and causes the vehicle to bounce. Reference 17 reports that by

special formulation of foamed plastics, the resiliency that causes

bounce can be reduced. It can be concluded that metal honeycomb or

balsa wood is probably superior to plastics such as Styrofoam for en-

ergy absorption. High deceleration-onset rates, however, could prohibit

their use for some applications. Two methods of approach that appear

possible for controlling the high onset rate are (i) variation of the

"footprint" (contact area _ith the ground) with stroke" by contouring

the deformable material so that only a small surface of the material

initially contacts the surface impacted and (2) use of a layered com-

posite structure in which the strength of each layer is varied in order

to build up the deceleration in a more gradual manner.

A promising deceleration device, first reported in reference I, is

shown in figure 7. The frangible tube system is capable of absorbing

up to 30,000 foot-pounds per pound. Approximately 8000 foot-pounds per

pound of energy can be absorbed in simple tension by some of the high-

strength aluminum alloys. In a more complex stress system in which

there are biaxial or triaxial stresses, the strain energy absorbed by a

material can be increased. The two most notable examples are extrusion

and wire drawing where lateral restraint greatly increases axial elonga-

tion. In the complex stress system causing fragmenting in the frangible

tube system, the strain energy absorption therefore may be greater than

8000 foot-pounds per pound. A very significant portion of the total

energy absorbed, however, is believed to be the result of friction
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between the metal tube and the die. There is no conclusive evidence
available at the present time to indicate the relative amounts of strain
energy and friction energy in this energy-absorption system.

No system is known to the author that has demonstrated a higher
energy-absorption capability than the frangible tube. Further research
on systems combining friction and metal deformation could be very prof-
itable. Additional discussion of friction systems will be found in the
section FRICTIONANDMASS-ACCELERATIONSYSTEMS.Application of the
frangible tube system to a reentry vehicle is illustrated in figure 8
(from ref. 1). The figure shows the frangible-tube load alleviators
attached to a reentry vehicle.

Experimental data on decelerations on such a vehicle are shown in
figure 9. Twoproblems are associated with the deceleration pattern,
deceleration overshoot at the beginning and the end of the stroke and
excessive deceleration-onset rate. The problems can be overcomeat the
beginning of the stroke by tapering the frangible tube on the end that
encases the die. The acceleration peak at the end of the stroke prob-
ably results because static friction is higher than dynamic friction.
No method of avoiding this acceleration peak is immediately obvious.
The duration of these peaks_ however_ is for such a short time that pos-
sibly flexibility in the structure would absorb these loads, and there is
little likelihood of danger to the payload. Except for the peaks at the
beginning and the end of the stroke, the deceleration is relatively con-
stant over most of the stroke, a desirable feature that reduces the to-
tal stroke required.

A possible problem that must be considered in the frangible-tube
system is the "shrapnel" that is generated from the breakup of the tube
in the energy-absorption process. Vehicle protection maybe required to
eliminate the possibility of damageto vital areas of the structure.

Most of the material-deformation systems can result in deceleration
in very short strokes because of their ability to maintain constant de-
celerations over most of the deceleration stroke. These systems are
quite simple and in somecases can be combinedwith friction to obtain
a high energy absorption per pound of device. They can also be designed
to control deceleration in both the horizontal and the vertical direc-
tions.

!

GAS-COMPRESSION SYSTEMS

A variety of systems can be utilized for energy absorption by gas

compression. The principal factors to consider are bag geometry, gas-

pressure control# and design considerations for nonvertical descent,

cocked impact, and the possibility of bag puncture from impacting
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objects on the surface. The bag geometry can consist of almost any body

of revolution. Some shapes are more desirable than others_ howeverj as

wil_be discussed subsequently. Gas-pressure control is required to
con_rol deceleration rates and to eliminate or reduce bounce at the end

of the stroke. Gas ba_s_ in general3 possess inadequate strength to

withstand loads in a nonvertical direction. They probably cannot be

used for controlling horizontal decelerations nearly as well as material-

deformation systems can. Restraining methods for nonvertical loads

would probably be required in most designs.

Deceleration patterns for a number of different types of gas bags

are shown in figure l0 (data and calculation procedures from ref. 20).

These patterns are compared with the ideal deceleration pattern repro-

duced from figure 5. If a constant pressure could be maintained within

the bag for the entire stroke_ deceleration could be accomplished in a

very short distance. This system has the disadvantage_ however_ of

having an almost infinite deceleration-onset rate at the beginning of

the stroke. It would also be a requirement that the bag be ruptured at

the end of the stroke to eliminate bounce. A more practical approach

would be to use an initially nonpressurized bag and let the pressure

build up to a permissible maximum through isentropic compression. When

the maximum permissible pressure is reached_ a constant-pressure bleed

device could be utilized to maintain this pressure constant until the

vehicle is brought to rest. At this point, bag rupture would be re-

quired to eliminate bounce.

The case shown in figure lO for isentropic compression plus constant-

pressure bleed is only one of a variety of designs that could use this

mode of operation. The deceleratlon-onset rate can be varied by vary-

ing the initial bag length. Decreasing the length increases the on-

set rate. In this manner it is possible to duplicate almost exactly

the ideal deceleration pattern. The disadvantage to this system_ in

which the ideal pattern is obtained_ is that almost the entire length of

the bag is used in the deceleration stroke. As a result, it does not

make an allowance for off-design conditions_ such as too high an impact

velocity or uneven terrain. For these conditions, "bottoming" may be

encountered before the vertical velocity is arrested.

Systems utilizing constant-pressure bleed will probably require a

rather complicated pressure-control device. It is therefore of interest

to consider the deceleration pattern obtainable from a simpler system

that utilizes bleed from a constant-diameter orifice. The deceleration

pattern for this system is also shown in figure 10. In this case, isen-

tropic compression is utilized up to the point shown by the tick mark on

the constant-orifice-size curve. At this point, plugs would blow out of

the orifice and the pressure would continue to build up temporarily, but

at a reduced rate compared with isentropic compression. This type of

device would also require bag rupture or rapid deflation to eliminate
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bounce. This approach appears to be practical, but it requires a bag
length about 2.8 times that for the ideal deceleration pattern.

Figure i0 also shows how deceleration would be accomplished if
there were no bleed in the bag. For this case, the deceleration builds
up very slowly at the beginning of the stroke and reaches a maximumat
the time the vehicle comesto rest. At this point, bag rupture is again
required to eliminate bounce. Although this is the simplest gas-bag
approach, it is probably about the least satisfactory. Orifices should
undoubtedly be used to offer somepressure control; the obtaining of
constant bleed pressure, if possible, would be desirable.

The effect of bag shape illustrated in figure ll(a) is without gas
bleed, but similar results could be expected with bleed. A vertical
cylinder results in lower decelerations and a shorter stroke than those
obtainable with any other configuration considered (fig. ll(a)). This
shape is considered to be superior to others studied for gas bags.

A similar comparison for the situation in which pressure builds up
to a predetermined maximumand is then held constant for the remaining
portion of the stroke is given in figure ll(b). Here again, the verti-
cal cylinder is a superior bag shape.

The effect of orifice area for a vertical cylinder bag utilizing
fixed-area orifices for part of the stroke is illustrated in figure 12.
Three orifice areas are considered. If relative orifice area 2 is con-
sidered as being the design value, cutting the orifice area in half is
observed to result in excessive decelerations. If the orifice area were
doubled, however_ the gas would bleed from the bag at too great a rate,
and the bag would becomedeflated before the velocity reached zero. A
disastrous landing would result.

This sensitivity to orifice area could be important for landing at
off-design conditions. Again, sometype of pressure control would be
desirable. A s£mple control that has been considered consists of an
elastic orifice, the orifice diameter of which increases as pressure in-
creases and decreases for low pressures. In this manner, the bag is not
so apt to becomecompletely deflated before all the velocity is arrested.

A comparison of gas-bag-system weights for a range of impact veloc-
ities is shownfor different bag strengths in figure 15 for both air and
helium as the contained gas. Fabric bags would have strength-mass ratios
ranging from !0S to 5XIOS square feet per second per second. (These
nmmbersmaybe multiplied by 0.373 to convert to the more familiar
strength-density ratio in the dimensions of inches.) For these cases
there is little advantage in using the light gas, helium, over air on a
weight basis. As pointed out in reference 20, however_ there are advan-
tages to utilizing light gases because the compression will be more
nearly isentropic for high-speed impact.

!
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Using a metal bag, which may have strength-mass ratios of the

order of 10 6 square feet per second per second, reduces the system

weight. In addition, there is a greater weight advantage in utilizing

a light gas within the bag because for high bag strengths a greater pro-

portion of the total weight is in the contained gas.

The effect of bag length on deceleration rate and bag weight is

shown in figure 14, which was taken from reference 5. As would be ex-

pected, the deceleration rate can be reduced substantially by increasing

the bag length. It is somewhat surprising to observe that the decelera-

tion can be reduced with little or no penalty in system weight. The

limitation in bag length, therefore, is entirely a stability and not a

weight consideration.

Reference 3 also introduces the interesting possibility of combin-

ing gas compression with material deformation to provide a more effi-

cient deceleration system. This system is illustrated in figure 15,

where both the initial and the collapsed shell are shown. The device

has been demonstrated to buckle uniformly. Such a system has the ad-

vantages that (i) it is more efficient than an ordinary gas bag, (2)

very high strength-mass-ratio material can be used in the bag or shell,

and (3) it is less subject to rebound than other types of gas-filled

bags. Further possible advantages of this system are that pressurizing

gas can be carried within the shell and that the system could possibly

be built into the vehicle structure to serve a dual purpose_ both as a

deceleration device and as a structural component. A disadvantage to

this system is that it cannot be stored as compactly as other gas-bag

systems.

A weight comparison of the gas bag and the collapsible shell is

shown in figure 16 for a range of strength-mass ratios. At high

strength-mass ratios, the collapsible shell is only slightly superior to

the gas bag, but it is unlikely that these high strength-mass ratios

could be obtained unless a collapsible-shell-type system were used. A

better comparison, therefore, might be that of the gas bag at a low

strength-mass ratio with the collapsible shell at a high strength-mass

ratio. The collapsible shell therefore appears to be a promising

energy-absorption system.

Gas-compression systems seem to have a great deal of versatility

for energy-absorption devices. Their biggest advantages are that they

have an excellent control of deceleration-onset rate_ they are rela-

tively simple, and they are easily storable. Their biggest problems are

in obtaining satisfactory pressure control devices and in providing ac-

ceptable restraint to nonvertical descents. These systems might also

find difficulty in landing on uneven terrain. A factor that should also

be weighed by the designer when considering the use of gas bags for

landing where there is no atmosphere is the inflation problem. When a



gas bag is restrained and then opened in a hard vacuum, even a small
quantity of contained gas can result in rapid expansion and acceleration
forces in the bag that can cause ripping. Oncethe bag is opened, the
addition of more gas should not create a problem.

ROCKETSYSTEMS

A retrorocket landing device (see fig. 17) has the primary advan-
tages that deceleration and deceleration-onset rates can be kept arbi-
trarily low by proper thrust control and that this type of system is
adaptable to landing on almost any type of surface, whether planetary
or lunar. Someof the landing propulsion requirements are discussed in
reference 39.

One of the problems that maybe encountered with rocket decelera-
tion is obtaining proper timing in the actuation of the thrust. Someof
the methods that have been considered include optical systems such as
described in reference 40 or the more commonly accepted method of uti-

lizing a radio altimeter. A relative simple device that has also been

considered is illustrated in figure 17. In this case, feelers are ex-

tended below the vehicle. When the feelers make contact with the ter-

rain, the thrust is initiated at a level several times the weight of the

vehicle. The thrust duration is for a time adequate to absorb most or

all the kinetic energy of descent before impact would occur. At this

time, the main thrust is cut off and a sustainer thrust continues at a

level slightly less than the weight of the vehicle. In such a manner_

the vehicle would slowly descend to rest. It would probably be neces-

sary_ however, to utilize also a secondary shock absorption system for

the final touchdown. Collapsible materials or gas bags could be used

for this purpose.

A comparison of the weights for rocket systems and for collapsible

shells is shown in figure 18, taken from reference 3. The collapsible-

shell results are also very similar to those obtainable for gas bags.

For impact velocities lower than about 50 feet per second, the weight of

collapsible shells (or gas bags) is less than that of a rocket system.

At higher impact velocities, however_ the weight of the rocket system is

lower. A similar comparison is shown in figure 19, taken from refer-

ence l, which shows that the weight of a braking rocket is less than that

of gas bags at all velocities. This difference is due to the different

assumptions that went into the analyses. In figure 18, the maximum pos-

sible energy was absorbed in the gas bags by pressurizing the bags and

maintaining this pressure constant at the maximum permissible level

throughout the stroke. In figure 19_ however, a less optimistic approach

was utilized in calculating gas-energy absorption. By advanced design,

therefore, the comparison in figure 19 could be made to appear more

promising for gas bags. Figure 19 also shows the frangible tube to be

!
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heavier in weight than honeycomb or balsa wood. Unpublished results

have indicated that the frangible-tube weight could be reduced so that

it would be lower than the weight of any other system shown in the figure.
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FRICTIONAND MASS-ACCELERATION SYSTEMS

The friction systems that have been considered up to the present

time consist of a vehicle skidding along the landing surface, a spike

impacting into soft _arth or sand, or the aerial-snatch system, in which

a brake is utilized on a cable. All these systems are more limited in

their application than the systems previously considered. A skidding

vehicle must, in general, land on a prepared surface. Such a landing

will be difficult for a space vehicle, particularly for a landing on an

astronomical body different from the earth. The spike system is also

dependent upon the terrain in that the landing must be accomplished in

soft soil or sand. Since the condition of the surface for landings on

the moon or other planets is unknown, this device appears to be imprac-

tical. In addition, an almost vertical landing is required (ref. 15).

The horizontal velocity component must be less than one-thlrd of the

vertical velocity component.

The aerial snatch has many desirable features in that very little

weight is required on the descending vehicle and the deceleration and

deceleration-onset rates could be kept very low, but there may be a

reliability problem in that auxiliary equipment is required at the loca-

tion of the descent. This type of approach seems to be unrealistic for

manned vehicles or on remote planetary or lunar surfaces.

As mentioned previously in regard to the frangible tube, friction

can be combined with material deformation to make a highly effective

energy-absorption device. The heat generated by friction is modest com-

pared with the energy absorbed. The energy-absorption limitation gener-

ally is not the heat generated but is some strength limitation. In the

frangible tube_ for example, the limitation is in the buckling strength

of the tube. Other systems might include wire-drawing- or machining-

type operations where metal is removed from a rod or plunger by a broach.

In the broaching or drawing processes, metal is deformed appreciably and

it is also heated by friction. In both of these processes either the

tensile or the buckling strength of the material will provide the energy-

absorption limitation. As mentioned previously_ wire-drawing processes

can absorb up to about 59_000 foot-pounds per pound of wire. Since the

wire must be in tension, its use might be more limited than systems that

can be used in compression, such as the frangible tube, but for some ap-

plications it could be very useful. An example might be a strain link

in support arms extended from a vehicle both to absorb landing energy

and at the same time to provide stability. Further research on friction

systems certainly seems warranted.
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COMPARISONOF SYSTEMS

All the systems discussed are comparedin table I. Although every
entry will not be discussed, a few summarizing remarks can be made.
Systemsutilizing material deformation are usually excellent on a weight
basis, particularly if friction can also be combinedwith material de-
formation, such as in the frangible tube. This type of system is also
reliable because of its simplicity. Probably the biggest disadvantage
to these systems are their high deceleration-onset rates. This disad-
vantage can possibly be alleviated by control of impact surface area as
a function of stroke. On an overall basis, material deformation is con-
sidered to be a good energy-absorption system.

The greatest advantages to gas bags are the excellent control of
the deceleration-onset rate and their ease in storage. Probably their
biggest disadvantages are in problems encountered in uneven terrain and
nonvertical descent. This system also has an overall rating of good and
is comparable to material-deformation systems.

Collapsible shells have characteristics similar to those for gas
bags; they can absorb somewhatmore energy and their tendency toward
bounce is reduced. The disadvantage of these shells comparedwith
gas bags is that storage of this system is a bigger problem.

Retrorockets are superior to the three systems just considered on
the basis that there are practically no velocity limitations. They also
have excellent control of deceleration-onset rate and are considered
amongthe best for nonearth landing. Probably the biggest disadvantage
is that the system cannot be stored as readily as someof the others.
This system also has an overall rating of good.

The aerial snatch has manyexcellent characteristics, but on an
overall basis, its rating cannot be as good as someof the other systems,
because the system reliability is dependent upon the accuracy to which
the point of landing can be determined. If auxiliary equipment is not
immediately available, the landing will probablybe a failure. In addi-
tion_ this system is not practical for nonearth landings where large
quantities of auxiliary equipment would not be available. This system
is therefore given an overall rating varying from poor to good, depend-
ing upon its application.

Skidding devices also have manyexcellent features for use under
the proper conditions; however_ these devices are limited in their ap-
plication. They would not be satisfactory for nonearth landings or
even for earth landings where there was not a properly prepared landing
area. For this reason, this system is also given an overall rating
varying from poor to good, which would dependupon its application.

!
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A burrowing device (spike) appears to be less promising than any

other of those considered. It has the disadvantages of high
deceleration-onset rate and terrain limitations and would be unsatisfac-

tory for nonearth landings. Probably its best feature is stability

after impact for a successful landing in the proper soil or sand. Be-

cause of these considerations_ it is given an overall rating of fair.

From this comparison_ therefore_ probably no single system is supe-

rior for all applications. Systems utilizing material deformation, gas

compression_ and retrorockets all have an overall rating of good. The

choice of which system to use viii often be dependent upon other factors

in the overall design. In some cases these systems may be combined.

Apparently, however_ systems utilizing material deformation and friction

can probably result in lower weights than any other system considered.

RECOMMENDED IMPORTANT RESEARCH AREAS

None of the energy absorption devices for soft landing of space

vehicles is so well developed that it does not need further research.

In addition_ since several systems are still competitive with each other_

it does not appear wise to drop consideration of most of the systems and

concentrate on only one type. In a general survey such as this one_ it

probably is unreasonable to assume that all the problems and advantages

of various systems are adequately understood. With full knowledge that

there may be some errors in Judgment, it is felt that some recommenda-

tions regarding important research areas are warranted_ at least as a

guide to research people who have not had the opportunity to study the

types of systems available for energy absorption. The following recom-

mendations are made for future research:

i. Methods that have very high energy-absorption capability should

be more thoroughly studied. The most promising appear to be systems in

which heat is generated by friction combined with material deformation.

2. Complete systems should be investigated with emphasis on mini-

mization of weights of system components that do not absorb energy by

deformation or heating.

3. Research is needed on improving the deceleration-onset rates

for material-deformation systems.

4. Methods for handling side loads without appreciable loss of

energy-absorption capacity for the system require investigation. These

methods should also be designed to limit lateral decelerations to ac-

ceptable values. Systems requiring study include gas bags, frangible

tubes_ and material-deformatlon systems.
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5. Gas-bag systems require development of simple pressure-control
devices for maintaining constant pressure after the pressure has built
up to design level by initial compression. Control systems are also re-
quired to relieve pressure rapidly as the vehicle velocity approaches
zero in order to eliminate or minimize bounce.

6. Further work is required on high strength-density ratio mate-
rials for gas bags. It is indicated that promising approaches maybe
glass-reinforced plastics and metals.

7. Minimum-weight systems for maintaining stability after impact
require development.

8. For rocket systems, additional research is required on exact
timing of thrust initiation, variable thrust control_ and improved reli-
ability.

9. By proper combination of energy-absorption systems_ it maybe
possible both to improve performance and to reduce weight. Research is
required on the optimization of combined systems.

i0. It may be possible in someapplications to makecomponentsof
energy-absorption systems serve a dual purpose as an energy-absorption
mediumand a vehicle structural component. More research on this type
of application is required.
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TABLEI. - COMPARISONOFLANDINGSYSTEMS

[Excellent, E; good, G_ fair, F_ poor, P.]

Weight

System reliability

Velocity limitations

Stability after impact

Storage

Onset rate

Material
deforma-

tion

E

E

F-G

F-G

F-G

P-G

Terrain limitations F

Nonearth landing G

FNonvertical descent
h

Overall rating

iGas

!bags

G

G

F-G

F

E

G-E

F

G

F

G

Collaps-

ible

shell

Retro-

rocket

Aerial Skid-

snatch ding

G G E

E G P-F

F-G E F

F F-G

P-F F-G E

G-E E E

F G E

G E P

F G G

G G P-G

E

F

E

G

E

E

P

P

E

P-G

Bllr-

rowing

device

F

E

F

E

P-F

P

P

P-F

F

F

_S
!

G_
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